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THE HYDROGENATION O F  CARBON DIOXLDE 
IN PARTS-PER-MILLION LEVELS 

S. S .  Randhava and A. Rehmat 

Institute of Gas Technology 
Chicago, Illinois 60616 

INTRODUCTION 

In recent years  the development of the fuel cell, a device that converts chemical 
energy directly into electrical  energy, particularly the low-temperature, ac id  fuel 
cell  that uses  reformed natural gas. made i t  necessary to design a process  that can 
produce a reformate gas suitable for fuel cell  application. 

The process  is well established, but the kinetics of some of the reactions that 
take place during the process  are not very well known. One of the reactions that 
could take place during the process  is 

COZ + 4Hz t. CH4 + 2Hz0 

However, CO may be formed by the side reaction 

COZ +Hz t. CO + HZO 

Ear ly  investigations of the reaction between carbon dioxide and hydrogen w e r e  
either pr imar i ly  qualitative in nature or attempts to determine the equilibrium of 
the reaction; consequently, no data suitable for kinetic analysis were presented. 

The f i r s t  attempt to obtain rate  data for this system was  made by Nicolai, d'Hont 
and Jungers.' They studied the kinetics of carbon dioxide hydrogenation on a nickel 
catalyst a t  low p res su res  (0.10-1.0 atm) and temperatures of 180"-300°C. Binder 
and White' made an extensive study of this system for  the first time. 
the reaction was  correlated by a mechanism which assumes  that the major  res is t -  
ance to the overall p rocess  is offered by the reaction of an adsorbed carbon dioxide 
molecule with at least  two adsorbed hydrogen molecules; thus, the surface reaction 
appeared to be rate-controlling. 
S l i e p ~ e v i c h , ~  who studied the effect of total p re s su re  and postulated a mechanism 
which assumes  that the reaction takes place between four adsorbed molecules of 
hydrogen and an adsorbed molecule of carbon dioxide on the catalyst 's surface. 

The rate  of 

This study was  extended by Dew, White and 

In a search for a source of synthetic hydrocarbons, F ischer  and Pichler4 studied 
the reaction between carbon dioxide and hydrogen, and carbon monoxide and hydro- 

obtained at  100 atmospheres; methane a t  one atmosphere. Pichler  a lso reported 
that ruthenium could not be improved by promoters  or ca r r i e r s .  F o r  this reason 
and because of its high cost, this catalyst was not tr ied by other investigators for  
the hydrogenation of carbon dioxide o r  carbon monoxide until a l a t e r  date. 

$ gen over a ruthenium catalyst. Only high-molecular-weight hydrocarbons were  

In i ts  search for better catalysts, the Bureau of Mines5s6 found that ruthenium 
can be used on alumina in concentrations of 0.5%, at a cost  no greater  than com- 
mercially successful catalysts made f rom platinum. Ruthenium can also compete 
with nicke1,considering the small  quantities required (0.5% Ru vs. 48% Ni), and 
when compared to commercial  nickel hydrogenation catalysts and the complexity 
of nickel pretreatment. 

The purpose of this investigation was to obtain data over a range of temperatures, 
compositions, and space velocities, using a gas mixture containing carbon dioxide 
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(ppm) in hydrogen. Using a ruthenium catalyst impregnated on an alumina support 
for data a t  atmospheric pressure  would yield a n  expression for the kinetics of the 
hydrogenation of carbon dioxide. 

EXPERLMENTAL 

The basic description of the experimental apparatus has  been presented else- 
where.7 The reactor was  fabricated from a 22-in.-long, stainless steel, Type-304 
tube, having a 1/2-in. ID and a 1-in. OD. The thickness of the wall ensured longi- 
tudinal isothermality. A multipoint thermocouple was placed inside the bed, with 
three thermocouples observing temperatures a t  intervals of 1 / 4  in. A perforated 
screen, functioning as a catalyst support, was welded to the tliermocouple rod 1 
in. f rom the tip. A premixed mixture of carbon dioxide and hydrogen was passed 
through a pressure  regulator and control valve to a calibrated rotameter. Then 
the gases  entered the top of the reactor and flowed downward through the catalyst 
bed. 

The catalyst used in this investigation was furnished by Englehard Industries, 
Inc., and consisted of 0.5% ruthenium impregnated on 118 x 1/8-in. cylindrical 
alumina pellets. Catalyst  pellets (2 cc) dispersed in an equal volume of alumina 
pellets were  used for every run. The catalyst was activated pr ior  to a run sequence 
by passing H, over i t  a t  450°C for approximately 2 hours. Because of the dispersed 
nature of the catalyst and the low gas concentrations, the reactor behavior w a s  iso- 
thermal, with the temperature variance in three thermocouples never exceeding 
1"c ,  even under conditions of maximum conversion. Steady- state conversions were 
achieved within 30 minutes for all variations of temperature and gas flow rate. 

The product gases, af ter  leaving the reactor, flowed through a condenser and 
were  continuously monitored until a steady state was achieved. Two nondispersive, 
infrared analyzers (MSA Lira  Model 300)  were used to determine the concentra- 
tions of carbon monoxide and methane. The infrared analyzers were calibrated to 
read in the ranges of 0-100, 0-500, and 0-3500 ppm of CO and CH4,and were never 
permitted to drift  beyond 5 ppm on the 0-3500 ppm scale. The units were  calibrated 
at the beginning of each run sequence (constant temperature with varying space 
velocities) with hydrogen used a s  the zero calibration gas.  Five different gas mix- 
tu res  were  used to  check the calibration scale of each of the Liras.  The calibration 
gases  were  mixed and analyzed by The Matheson Co. and were accurate to within 
2 ppm. A l l  of the premixed and analyzed gases containing 1150, 2060, and 3580 
pprn carbon dioxide i n  hydrogen were also supplied by The Matheson Go. 

RESULTS 

In this investigation, the runs are grouped into three different sets, each having 
a different feed composition: 1150, 2060, and 3580 ppm CO, in H,. For each set  
five runs were  made with varied flow ra tes  and a t  constant temperature. The tem- 
pera ture  range investigated was  2OO0-45O0C; the gas  flow rates  used were  10, 30, 
50, 70, and 100 cu cm/s ,  corresponding to the variation of residence time f rom 0.2 
to o.02 cu c m  catal  s t  -. The pressure  was maintained a t  1 atmosphere for all the 

runs.  Selected runs  were  repeated to check reproducibility and for catalyst deacti- 
vation. A l l  the data taken were  reproducible to *2%; no noticeable decrease in  the 
catalytic activity was observed over the runs '  durations. 

Each run was obtained under steady- state conditions and consisted of an analysis 
of effluent gases a t  a given feed rate, temperature, pressure,  and the quantity of the 
catalyst: The duration of each run was  approximately 40 minutes. The quantity of 
the catalyst was kept constant throughout all the runs. The effects of the variables 
involved are discussed below. 
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Effect of Temperature. The number of moles of carbon dioxide converted pe r  
mole of carbon dioxide in the feed gas for a l l  gas  mixtures, and the corresponding 
number of moles of methane and carbon monoxide formed for selected gas  mixtures 
a t  different temperatures  are shown in Figures 1-5. 

The production of methane pe r  mole of GO, fed i s  maximum for  the gas mixture 
containing 1150 ppm GO,: The ratio reaches 1 a t  temperatures  aroung 450°C and a 

residence t ime of 0.2 
production of methane and carbon monoxide exhibited character is t ic  S -  shaped curves, 
showing an increase in conversion with an increase in  temperature.  

. The conversion of carbon dioxide and the cu cm catalyst 
cu c m  gas/  s 

The formation of carbon monoxide is favored by an  increase in temperature;  
however, a t  temperatures below 350°C there is negligible formation. Above this 
temperature,  the amount of carbon monoxide in the effluent progressively increases. 

At higher temperature ranges note that a l l  three gases  exhibit asymptotic be- 
havior regarding conversions. It is apparent that the selection of a temperature 
range for this experiment almost spans the entire range for carbon dioxide meth- 
anation a t  these concentrations. 

Effect of Feed Gas Composition. The effect of feed gas  composition on hydro- 
The carbon dioxide genation reactions i s  significant over the ruthenium catalyst. 

conversion increases  with decreasing amounts of carbon dioxide i n  the feed gas a t  
any temperature and for a l l  residence times. The asymptotic values of conversion 
decreased f rom -1 for 1150 ppm CO, to about 0.8 for  3580 pprn GO,. 
of methane produced per  mole of carbon dioxide in the feed a l so  inc reases  with the 
decrease in  amount of carbon dioxide in the feed gas. It was interesting to note that 
the formation of carbon monoxide increases  with an increase in the concentration of 
carbon dioxide in the feed. Consequently, the conversions may be increased by 
either raising the temperature to -450"F, or  by decreasing the amount of carbon 
dioxide in the feed gas. 

The amount 

I 
Effect of Residence Time. In each case  the conversion of carbon dioxide increases  I 

with an increase in residence time. A t  any given temperature, the production of 
methane a l so  increases  with an increase in the residence time. 
indicate conventional reactor  behavior. 

This would naturally 

However, the effect of residence time on the formation of carbon monoxide dis- 
played a ra ther  unconventional characteristic. Figure 5 shows an  increase in the 
formation of carbon monoxide with a decrease in residence time over the entire 
range of temperatures  and concentrations investigated. 

DISCUSSION 

It appears  possible that the following reactions a r e  taking place: 

COZ t4Hz * CH, +ZHzO (1) 

CO t 3Hz S? CH4.t HzO (3) 

Several  investigators have shownzs3 that, a t  higher concentrations of carbon dioxide 
in the feed, the methanation of carbon dioxide takes place directly by Reaction 1; 
carbon monoxide is formed by the side reaction, Reaction 2. It appears  f rom our 
resul ts  that the methanation of ppm concentrations of carbon dioxide does not occur 
directly by Reaction 1, since we found that at any particular temperature carbon 
monoxide is produced by increasing the flow rate. This would mean that the re- 
ve r se  shift reaction (Reaction 2)  reaches equilibrium almost instantaneously; the 
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methanation of carbon monoxide proceeds with time. More carbon monoxide is 
produced (Reaction 2 )  as the methanation of carbon monoxide takes place until the 
steady- state condition is reached. Nicolai, d'Hont and Jungers' pointed out that 
carbon dioxide does not reac t  in the presence of carbon monoxide. In one of the 
studies a t  the Institute of G a s  Technology" on the selective methanation of carbon 
monoxide using a gas mixture containing hydrogen, carbon dioxide, and carbon 
monoxide, i t  w a s  a lso pointed out that ruthenium is the best  selective methanation 
catalyst and that the reaction of carbon dioxide does not proceed in  an appreciable 
amount until the level of carbon monoxide in the mixture reaches a certain rnini- 
m u m  level. In the present  investigation this is indeed the case,  As soon a s  the 
carbon monoxide methanation reaches a steady state, leaving the concentration of 
carbon monoxide in the reacting mixture above this minimum, -the conversion of 
carbon dioxide ceases  completely, a s  indicated by Figures  1-3. 

For finding the overal l  empirical ra te  expression validdor the change of conver- 
sion and corresponding r a t e  constants at various temperatures for  these reactions, 
an expression of the type 

- kCn 
-rC02 c 0 2  

was tried for  reasons given by Levenspiel,6 who suggested the use of simple empiri- 
cal rate expressions in chemical reactor design work. The use of such a power law 
r a t e  equation is also supported by catalytic combustion studies a t  U.C.L.A.9 Although 
the reaction rate  should depend upon the concentration of hydrogen in addition to the 
concentration of carbon dioxide in the system, this term has been omitted from the 
ra te  expression used here,  since hydrogen is in excess and is treated essentially as 
a constant. 

The ra te  expression can also be stated in a different form 

dC 
coz - kCn -rcoz = -7 - co2 (r) 
"0 

which, when integrated, yields the expression - 

1- n V w a s  plotted against - for  various values of n. The value of n giving the best 

straight line was used as the reaction order  for the hydrogenation of the carbon di- 
oxide reaction. The rate constants could then be calculated from the slopes of the 

lines. The best value of n was found to be 1.5. A typical plot of C'-" 

for this value of n is shown in Figure 6 for a feed of 1150 ppm CO,. 

COZ vo 

V 
coz versus - V O  

The reaction velocity constant is related to the reaction temperature in  accord- 
ance with the Arrhenius equation 

The Arrhenius plots for  this reaction are given in Figure 7. The empirical frequency 
factor, ko, and the activation energy for this reaction a r e  tabulated in Table 1. All . 

of the Arrhenius plots are linear in the temperature range considered. 
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Table 1. ACTIVATION ENERGIES AND SPECIFIC REACTION RATE 
CONSTANTS AS A FUNCTION O F  THE INLET-GAS COMPOSITIONS 

Concentration of 
COz in Feed, ppm 

1150 
2060 
3580 

E, kcal/ 
mole 

10.8 
11.4 
11.5 

cu c m  gas (ppm CO,)-O-~ 
kO* cu cm catalyst ls  

5700 
4250 
2800 

Unlike the methanation of carbon monoxide on ruthenium7 where only one Arrhe- 
nius plot was obtained for  all the concentrations of carbon monoxide, three different 
plots a r e  obtained for the three concentrations of carbon dioxide considered. This 
can be explained by the way in which the methanation of carbon dioxide takes place. 
Since it occurs by the reverse  shift reaction, al l  we are dealing with is the metha- 
nation of carbon monoxide and the effect of the various amounts of carbon dioxide 
on such a reaction. Thus the decrease i n k  values, due to a n  increase in the con- 
centration of carbon dioxide in  the feed, can be compared to Cohen and Nobe's" 
work dealing with the effect of an increasing concentration of water  vapor on the 
catalytic oxidation of carbon monoxide on nickel oxide. (This phenomenon is ex- 
plained below.) 

Every catalyst has  a number of active s i tes  where the reaction takes place. In 
the case of the hydrogenation of carbon dioxide these sites are occupied by carbon 
monoxide, which is reacting with hydrogen to form methane, and by carbon dioxide, 
which remains unreacted. A s  the concentration of carbon dioxide is increased, 
more  of the sites are occupied by unreacted carbon dioxide, thus making fewer 
si tes available for  the reaction of carbon monoxide. 
a decrease in the reactivity of carbon monoxide with hydrogen to form methane when 
carbon dioxide is present in the reacting mixture. This effect of increasing the 
amount of carbon dioxide is reflected in the decreasing values of the reaction con- 
stant, k. 

Therefore, one would expect 

CONCLUSION 

The hydrogenation of carbon dioxide at very low concentrations over a 0.5% 
ruthenium catalyst was studied. 
of conversion of GO, in the overall  reaction.was found to follow the simple expres- 
sion 

The empirical  ra te  expression, valid for the change 

where k obeyed the Arrhenius temperature dependence for  each concentration a t  a l l  
temperatures. 

The methanation of carbon dioxide took place in  two steps: the formation of car-  
bon monoxide and the subsequent hydrogenation of carbon monoxide to methane. 
The effect of an increasing amount of carbon dioxide in the feed was reflected in 
the decreasing values of the reaction constant, k. 
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NOMENCLATURE 

CA 
= concentration of species A in,effluent, ppm 

(CA0)  = concentration of species A in feed, ppm 

E 

k 

k0 

n 

rA 

R 

T 

VO 

v 

XA 

= activation energy, cal/g-mole 

(cu cm gas)(ppm co,)-O.5 - reaction r a t e  constant, (cu cm catalyst)(s) 

(cu cm gas)(ppm 
2 Arrhenius frequency factor, (cu cm catalyst)(s) 

= reaction order 

(cu c m  gas)(ppm Cod 
(cu cm catalyst)(s) ra te  of change of conversion of species A, 

= gas constant, cal/mole - "K 

= temperature, "K 

- volumetric flow ra te  of gas, c u  c m / s  

= volume of catalyst, cu cm 

- moles of A converted or produced per mole of CO, in feed 
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Figure 1. CONVERSION O F  CO, AS Figure 2. CONVERSION OF CO, A S  
A FUNCTION OF RESIDENCE TIME A FUNCTION OF RESIDENCE TIME 

FOR 1150 pprn FEED GAS FOR 2060 ppm FEED GAS 

Figure 3. CONVERSION O F  COz AS Figure 4. PRODUCTION O F  CH, AS ' 
A FUNCTION OF RESIDENCE TIME 

FOR 3580 p p m  FEED GAS 
A FUNCTION O F  RESIDENCE TIME 

FOR 2060 pprn FEED GAS 
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F i g u r e  5. GO PRODUCTION AS A 
FUNCTION O F  RESIDENCE T I M E  

F O R  3580 ppm F E E D  GAS 

F i g u r e  6 .  VARIATION IN C;'& 
WITH RESIDENCE T I M E  F O R  

1150 ppm F E E D  GAS 

F i g u r e  7. ARRHENIUS PLOT F O R  
HYDROGENATION O F  COz 
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METAL HYDRIDES AS A SOURCE OF HYDROGEN FUEL 

J. J. Rei l ly ,  R. H. Wiswall, Jr. and K. C. Hoffman 
Brookhaven National Laboratory 

Upton, New York 

Hydrogen has the  po ten t i a l  of being a cheap and non- 
pol lu t ing  f u e l  which could be used i n  a v a r i e t y  of energy con- 
ve r t e r s .  It  i s  p a r t i c u l a r l y  a t t r a c t i v e  f o r  u s e  i n  f u e l  cells, 
where it is t he  prefer red  f u e l ,  b u t  it could a l s o  be used in  
any type of combustion engine, although i n  the l a t t e r  case some 
modification of conventional designs would be required.  How- 
ever,  a major problem involved i n  using hydrogen as a common 
fuEl i s  the d i f f i c u l t y  encountered i n  s t o r i n g  and t ranspor t ing  
it. TO s t o r e  and t r anspor t  hydrogen a s  a cryogenic l i qu id  o r  
as a compressed gas  f o r  such use does not  appear p r a c t i c a l  
e i t h e r  from an economic or  a s a f e t y  s tandpoint .  

1-3  Recent s t u d i e s  on t h e  equi l ibr ium re l a t ionsh ips  between 
hydrogen and c e r t a i n  metals and a l loys  suggest t h a t  t he  revers- 
ible m e t a l  hydrides  formed in  these  s y s t e m s  may serve as  a con- 
venient ,  s a fe ,  and cheap means of s t o r i n g  hydrogen. In  t h i s  
regard t h e  u s e  of  magnesium hydride as  a source of hydrogen 
fue l  f o r  i n t e r n a l  combustion engines has  a l ready been discussed. 
The object  of t h i s  paper is t o  descr ibe  how such metal  hydrides 
may be used t o  supply hydrogen f o r  use as a f u e l  i n  an e lec t ro-  
chemical ce 11. 

4 

In  its most simple form such a s torage  system cons i s t s  of 
a v e s s e l  conta in ing  a r eve r s ib l e  metal hydride of t h e  type des- 
cr ibed below, a means by which hea t  may be added t o  o r  removed 
from the system, and a t a p  f o r  withdrawing or  adding hydrogen 
gas. In  operat ion,  as hydrogen is withdrawn from the  s y s t e m ,  
the hydrogen pressure  drops below t h e  equi l ibr ium dissoc ia t ion  
pressure of t h e  metal  hydride which w i l l  then d i s soc ia t e  i n  
order  t o  r e -e s t ab l i sh  equi l ibr ium condi t ions.  
drogen evolut ion s t e p  hea t  must be added t o  the  system since 
the  d i s soc ia t ion  r eac t ion  i s  endothermic. Dissociat ion w i l l  
continue under these  condi t ions as long as the  designated hy- 
dr ide  phase e x i s t s  (it is  poss ib le  t o  have more than one hy- 
dr ide  phase present  i n  ce r t a in  systems).  I n  order  t o  regenerate 
the  hydride the  procedure i s  reversed; hydrogen is added t o  t h e  

During t h e  hy- 
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system and t h e  hydrogen pressure is maintained above the  d i s -  
soc ia t ion  pressure.  Heat must be removed from t h e  system during 
t h i s  s tep .  

In  Table 1 t h e  per t inent  proper t ies  of t h r e e  candidate 
metal hydrides a r e  l i s t e d  and can be compared t o  corresponding 
f i g u r e s  f o r  cryogenic and compressed gas s torage.  These com- 
pounds a r e  vanadium dihydride (VH ) ,  magnesium nicke l  hydride 
(Mg2NiH4) and MgH2. 
b a s i s  t h e  hydrogen content of t h e  s o l i d s  is g r e a t e r  than t h a t  
of l i q u i d  hydrogen and much g r e a t e r  than t h a t  of compressed 
hydrogen a t  100 atm. pressure and 25OC. we wish t o  poin t  out  
t h a t  a d e t a i l e d  discussion of the  proper t ies  and synthes is  of 
these  compounds has already been g i ~ e n ; l - ~  here  w e  s h a l l  only 
d iscuss  these proper t ies  b r i e f l y  and in connection without 
p a r t i c u l a r  i n t e n t .  

2 
It  is  i n t e r e s t i n g  t o  note t h a t  on a volume 

Vanadium Dihydride - A Low Temperature Hydrogen Reservoir 

Vanadium dihydride i s  capable of supplying hydrogen a t  a 
pressure of >1 atm. t o  a f u e l  cel l  a t  any temperature above 
-1OoC. 
can e a s i l y  be ground t o  a f i n e  powder. I t  is not  pyrophoric, 
indeed i n  t h e  presence of a i r  i ts decomposition is inhib i ted .  
It can be synthesized by the  d i r e c t  react ion of hydrogen with 
t h e  m e t a l  o r  with vanadium monohydride. It w i l l  decompose t o  
form vanadium monohydride and hydrogen as  follows :3 

It has  a grey meta l l ic  appearance, is very b r i t t l e  and 

I 
1.92 VH2.00 2 H2 + 1.92 VHo.95 

A p l o t  shar ing t h e  equi l ibr ium d i s s o c i a t i o n  pressure (Pd) 
vs composition, expressed a s  t h e  r a t i o  of H atoms/total  metal 
a t o m s  ( H / M ) ,  is shown i n  Fig.  1. Reaction (1) r e f e r s  t o  t h e  
reac t ion  taking place i n  t h e  p la teau  region which lies between 
t h e  l i m i t s  %.95-VH2 o. 
constant  and not  d e p e d e n t  on t h e  s o l i d  composition. 
v ~ ~ - ~ ~  t h e  isotherm does not rise v e r t i c a l l y  but  has  a s l i g h t  
slope t o  t h e  r i g h t  which is due t o  t h e  nonstoichiometric char- 
acter of vanadium dihydride. Below a composition corresponding 
to.VH4-95 t h e  Pd drops prec ip i tous ly  as only  t h e  vanadium 
monohydride phase is present  which is quite stable. 

I n  t h i s  region t h e  Pd is  e s s e n t i a l l y  
Above 
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T h e  d i s soc ia t ion  pressure (P  ) of VH is  very s e n s i t i v e  
t o  the  type and amount of  impuri t ies  present  i n  the  s t a r t i n g  
vanadium. 
commercial grade vanadium (Union Carbide Corp., Materials System 
Division) w a s  h igher  by a fac tory  of >2 than t h a t  made from 
high pu r i ty  ~ a n a d i u m . ~  
puaposes w e  s h a l l  spec i fy  t h a t  t h e  VH2 used in  the  sys,tems des- 
cr ibed here be made from commercial vanadium: the  da t a  presented 
here  h a s  been obtained wi th  VH2 using t h i s  as the  s t a r t i n g  mate- 
r i a l .  Qual i ta t ive  observation a l s o  indicated t h a t  these  im-  
p u r i t i e s  have a c a t a l y t i c  e f f e c t ,  increas ing  both the  r a t e  of 
decompos it ion and format ion of VH2. 

d 2 

Thus, it has been found t h a t  t h e  Pd of VH2 made from 

Since a higher  Pd is des i r ab le  f o r  our 

A p l o t  of t h e  r ec ip roca l  temperature v s  the  Pd f o r  t h e  
composition range VHO 95 t o  VH2- 00 y i e l d s  a s t r a i g h t  l i n e  

From these d a t a  t h e  following thermodynamic quanf i t i e s  f o r  
r eac t ion  (1) can be ca lcu la ted :  

(Fig.  2) which obeys t h e  equation log P = - -1989 + 7.3795. a t m  To 

= +9.10 K c a l  

= +33.76 e u  
= -0.96 Kcal 

hH298 

“298 

AF298 

Thus, t h e  decomposition of VH2 is endothermic and heaf 
must be supplied.  However, a t  298OK the  f r e e  energy change is 
negat ive and t h e  r eac t ion  is spontaneous. Even a t  a temperature 
as  low as O°C t he  equi l ibr ium d i s soc ia t ion  pressure is s l i g h t l y  
above 1 atm. (1.25 a t m . )  . Consequently, VH2 can supply hydrogen 
a t  a usable pressure  by ex t r ac t ing  hea t  from the  surrounding 
environment i f  t he  ambient temperature is above O°C. While t h i s  
may be convenient i n  c e r t a i n  circumstances it is  probably more 
e f f i c i e n t  t o  u t i l i z e  the  w a s t e  heat of the energy converter  t o  
e f f e c t  decomposition. 

An idea l ized  schematic of an in t eg ra t ed  H 2 - a i r  f ue l  ce l l  
and a t a b l e  of compatible m e t a l  hydride-fuel ce l l  systems is 
shown i n  Fig. 3 .  As an example of a low temperature system, 
consider  a f u e l  c e l l  of t h e  type descr ibed previously by Bartosh 
but  wi th  H2 suppl ied  by t h e  decomposition of  vH2. 
a 500-watt H 2 - a i r  cell  operat ing a t  74OC with an aqueous KOH 
electrolyte. Hydrogen o r i g i n a l l y  w a s  suppl ied by a companion , 

reforming-purif i c a t i o n  u n i t  which required a low s u l f u r ,  hydro- 
carbon feed. 

5 

The cel l  w a s  

The volume of  the  reforming u n i t  w a s  1.4 f t3 ,  
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weighed 47 lb ,  including f u e l  and water, and a t  max imum cell 
power t h e  r a t e  of H2 feed w a s  0.0632 lbfhr  or 14.23 g m o l e f i r .  
We may replace t h e  reformer with a r e se rvo i r  containing VH2 
and a t  t h i s  r a t e  of consumption, 14.45 Kg (31.8 lb) of VH2 w i l l  
l a s t  10 hr .  
t h i s  amount, assuming a 5ojg void space, is 5.78 1 (0.20 f t 3 ) .  
The amount of energy required t o  provide the  hea t  of dissocia-  
t i o n  is 129.5 Kcal /hr  (513 B t u h r ) .  The waste hea t  generated 
by t h e  c e l l ,  a t  55% e f f i c i ency ,  is 351 Kcal /hr  (1393 Btufhr ) .  
The only s i g n i f i c a n t  d i f fe rence  between the  cell descr ibed here  
and t h a t  of Bartosh is t h a t  we propose t o  have a c i r c u l a t i n g  
e l e c t r o l y t e  which is used to  t r a n s f e r  t h e  waste hea t  of t h e  c e l l  
to  t h e  hydride bed. Considering t h a t  t h e  waste heat  is i n  ex- 
cess by a f ac to r  of almost 3 over t h a t  required to  d i s s o c i a t e  
vR2 and the  l a rge  temperature d i f fe rence  between t h e  hydride bed 
and the  fue l  c e l l ,  it is q u i t e  possible t h a t  simpler means of 
hea t  t r a n s f e r  would s u f f i c e ,  e.g. loca t ing  the  hydride bed i n  
an a i r  stream previously used t o  cool the  f u e l  c e l l .  Thus, t he  
design as shown i n  Pig. 3 appears q u i t e  conservative and allows 
a considerable degree of f l e x i b i l i t y .  

The volume of t h e  f u e l  r e se rvo i r  required f o r  

As f a r  as s tar t -up procedure is concerned, we would no te  
t h a t  t h e  d i s soc ia t ion  pressure of vR2 is high enough to  supply 
hydrogen a t  t h e  cell operat ing pressure of 28 ps i a  down t o  am- 
b i e n t  temperature of 7OC. Of course, t h e  bed w i l l  tend t o  cool 
a s  t h e  hydride decomposes and t h e  pressure w i l l  drop, b u t  t h e  
sens ib l e  heat  of t h e  bed should be s u f f i c i e n t  t o  supply the  hea t  
required u n t i l  some hea t  is ava i l ab le  from the cell- I n  addi- 
t i o n  as t h e  bed cools  below t he  ambient temperature some hea t  
w i l l  be ext rac ted  from t h e  surrounding environment. . 

When the  VH content  of t h e  r e se rvo i r  is exhausted it can 
be regenerated by supplying H2  a t  a pressure of S O 0  ps ia  a t  a 
bed temperature of 25OC. It is  necessary t o  conduct t h e  re- 
generation reac t ion  a t  a pressure s u b s t a n t i a l l y  above t h e  Pd 
s ince  the re  is appreciable  h y s t e r e s i s  in t h e  system. Further ,  
t h e  rate of regenerat ion a t  any f ixed  temperature is pressure 
dependent and pressures  of  200-300 p s i a  above t h e  Pd are recom- 
mended t o  a t t a i n  reasonably f a s t  reac t ion  r a t e s .  I n  the  latter 
case q u a l i t a t i v e  observat ion suggests t h a t  t h e  hydride can be 
90% regenerated i n  about 1 h r ,  provided s u f f i c i e n t  cool ing 
capaci ty  is ava i l ab le  to maintain the  bed a t  25OC. 

2 
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It is possible  t o  adapt the  hydride s torage concept t o  a 
more conventional scheme a l s o  shown i n  F ig .  3 .  In  t h i s  case . 
m2 is used t o  provide a b a l l a s t  e f f e c t  i n  a reformer system. 
Hydrogen is manufactured from a hydrocarbon fue l  and pur i f ied  
i n  the  usual manner by passing it through palladium-silver 
membrane. The hydrogen may be conducted t o  t h e  hydride reser- 
vo i r  t o  regenerate VH2. o r  d i r e c t l y  t o  the  f u e l  cell ,  or bath. 
Under peak loads the  system can be designed so t h a t  some VH2 
w i l l  decompose t o  supply the  required ex t r a  hydrogen. If the 
fue l  c e l l  operation is in te rmi t ten t ,  t he  hydride r e se rvo i r  
may c a r r y  most of t h e  load during cel l  operation and is regen- 
e ra ted  when the  ce l l  is  down. Such an arrangement has severa l  
advantages over conventional hydrocarbon reforming-fuel cell  
systems which are summarized as  follows: 

1. The reformer s i z e  i s  determined by the average hydrogen 
consumption, not  peak consumption. 

\ 
2. The s i z e  of t h e  palladium s i l v e r  d i f f u s e r  i s  a l s o  determined 

by the average hydrogen consumption. 

3 .  The reformer can be run continuously and hydrogen s tored  i n  
the  hydride bed f o r  fu ture  use. 

4. The VH bed can supply H immediately upon s tar t -up.  2 2 

The ac tua l  design of such .a  system w i l l  depend a great dea l  
upon the  use pa t t e rn  envisioned f o r  the  fue l  cell .  Hwever, it 
can be seen t h a t  t he  incorporation of a r e l a t i v e l y  small hydride 
reservoi r  should r e s u l t  i n  a p r a c t i c a l  f u e l  c e l l  system having 
a grea te r  degree of f l e x i b i l i t y  than any previously known. 

High Temperature 'Systems 

Both the  Mg NiH4 and MgH may be considered i n  the present  
context  as high zemperature systems. 
hea t  required f o r  decomposition from t h e  environment;. ra ther ,  
such heat must come from the w a s t e  hea t  of the energy converter,  
provided its operat ing temperature is high enough, or from some 
other  high temperature hea t  source. The m o s t  e f f i c i e n t  arrange- 
ment is t o  use the waste hea t  of the  converter and we w i l l  l i m i t  
our discussion t o  that pa r t i cu la r  a l t e rna t ive .  

2 They cannot abstract the  
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t 

I 

Mg2NiH4 is a rust-colored powder having a non-metallic 
appearance. I t  is  not  pyrophoric and it decomposes slowly i n  
water bu t  rapidly i n  a s l i g h t l y  a c i d i f i e d  so lu t ion .  A pres- 
su re  composition isotherm f o r  t h e  Mg2NiH4 system is shown i n  
F ig .  1. Unlike VH2 almost a l l  t h e  hydrogen is ava i l ab le  ex- 
cept  f o r  a s m a l l  amount which d i s so lves  i n  the  M g 2 N i  decomposi- 
t i o n  product. The decomposition r eac t ion  is a s  follows: 

0.54 Mg2NiH4 2 0.54 Mg2NiH 0.3 + HZ 

A p l o t  of t he  d i s soc ia t ion  pressure vs  the  r ec ip roca l  t e m -  
pera ture  i s  shown i n  Fig. 4. It is a s t r a i g h t  l i n e  and obeys 
the  r e l a t ionsh ip  log Patm = -3360/T°K + 6.389. For r eac t ion  
( 2 )  ' t he  following thermodynamic values  have been determined2: 

= +15.4 K C a l  'H2980 

= +6.7 Kcal AF2 98 

= +29.2 eu As2 98 

The reason f o r  including Mg2NiH4 i n  t h i s  d i scuss ion  is t h a t  
it could be used t o  supply hydrogen t o  Bacon type  f u e l  cells  
operat ing near 30OoC. The high cell  temperature would requi re  
t h a t  t h e  e l e c t r o l y t e  ,be a highly concentrated KOH so lu t ion  (at  
least  85 w t  % KOH). The advantage of Mg2NiH4 over  VH2 i n  t h i s  
s i t u a t i o n  is t h a t  it contains  3.3 w t  % ava i l ab le  hydrogen vs 
2 . 1  w t  % f o r  the  la t ter .  However, it is only use fu l  i n  a r e l a -  
t i v e l y  narrow temperature range from -275OC where i ts  Pd is 
1.81 a t m .  t o  325OC a t  which po in t  t h e  Pd of MgH2 is 2.8 atm. 
The l a t t e r ,  of course,  conta ins  much more hydrogen on weight 
basis and for t h i s  reason would be t h e  prefer red  f u e l .  Unfor- 
t una te ly  Bacon type cells operate  a t  temperatures which a r e  too 
low t o  u t i l i z e  the  w a s t e  hea t  i n  order  t o  d i s s o c i a t e  MgH2- 
making the  assumption t h a t  Bacon cells w e r e  ava i l ab le  of t h e  
s a m e  r a t i n g  and H2 f u e l  requirement as the  low temperature cell  
discussed above, t he  equivalent  amount of Mg2NiH4 necessary 
would be 8.56 K g  (18.8 lb) and would r equ i r e  a r e se rvo i r  volume 
of 6.66 liters (0.23 f t 3 )  assuming a 50% void space. 
regenerat ion procedure i s  s i m i l a r  t o  t h a t  previously descr ibed 
f o r  VH2 except t h a t  t he  regenerat ion temperature should be above 
250°C i n  order  t o  a t t a i n  an acceptable  reac t ion  rate. 

Thus, 

The hydride 
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For high temperature f u e l  cells such as those using molten 
carbonates o r  s o l i d  e l ec t ro ly t e s ,  MgH2 could be used a s  the  
source of hydrogen fue l .  However, the  preparat ion of pure MqH2 
by d i r e c t  react ion with hydrogen is d i f f i c u l t  and requi res  a 
temperatures of A O O O C  and A 0 0  a t m .  p r e ~ s u r e . ~  I n  addition, 
t he  product is  q u i t e  i n e r t .  However, it has been found t h a t  
i f  a magnesium a l l o y  containing 5-10 w t  % N i  or  Cu. is used as 
the  s t a r t i n g  mater ia l  the  synthes is  reac t ion  i s  g rea t ly  acceler-  
a ted and the product very ac t ive . l e2  
poses, an a l loy  of 95% Mg and 5% N i  is recommended. Hydrogen 
w i l l  r eac t  with t h i s  material t o  form both MgH 
Decomposition w i l l  t ake  place in  two s t eps ;  f i rs t  M g a N i Q  de- 
composes a s  shown above i n  reac t ion  (2) ,  followed by the known 
react ion:  

For hydrogen s torage pur- 

2 2 and Mg NiH4.  

MgH2 t Mg + H2 ( 3 )  

A pressure composition isotherm f o r  such a system is  s h a m  i n  
Fig. 1. The shor t  upper plateau is due t o  the  presence of 
Mg2NiH4. 

A p l o t  of t he  Pd vs  the rec iproca l  temperature f o r  MgH2 
is shown in  Fig. 4. It i s  a s t r a i g h t  l i n e  and can be represented 
by t h e  equation log Patm = -4045/T + 7.224. Assuming Mg2NiH4 
(or M g 2 N i )  a c t s  purely as a c a t a l y s t  and t h a t  there  is no solu- 
b i l i t y  of H2 i n  t h e  M g  phase, t h e  following thermodynamic func- 
t i o n s  have been ca lcu la ted  f o r  reac t ion  (3)2:  

AH2980K = +18.5 K c a l  

AF2980K = +8.7 K c a l  

= +33 eu "298'K 

The equi l ibr ium dissoc ia t ion  pressure of MgH a t  325OC is 
2 2.85 a t m .  and t h i s  mater ia l  could be used in  any system provided 

the  w a s t e  hea t  could be extracted a t  t h a t  temperature or  above. 
It  appears t o  be q u i t e  su i t ab le  f o r  high temperature cells using 
molten carbonate e l e c t r o l y t e s  which operate  above 40OoC. How- 
ever, s ince t h e  optimum MgH2 temperature is about 35OoC (Pa = 
5.4 atm.) , the  fused s a l t  e l e c t r o l y t e  cannot be used as a heat  
t r a n s f e r  medium because t h i s  temperature is about 5OoC below t h e  
melt ing point  of the lowest melting e u t e c t i c  mixture of sodium, 
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l i th ium and potassium carbonates. The operation of the metal 
hydride r e se rvo i r  a t  4OO0C, where t h e  pd is 16.4 atm., is not 
recommended because it is i n  a temperature and pressure  region 
where the  s t r eng th  of ma te r i a l s  may be a problem and leaves 

a secondary hea t  t r a n s f e r  medium would have t o  be used, perhaps 
a l i q u i d  metal (e.g. mercury o r  s o d i u m ) ,  or  gas (i.e. a i r ) .  

I no sa fe ty  margin a s  f a r  a s  t h e  molten s a l t  is  concerned. Thus 

I The g r e a t  advantage of MgH2 is, of course,  i t s  high hydro- 
gen content.  In t h i s  case, i n  order  t o  power a h igh  temperature 

weight of mater ia l  (91.2% MgH2, 8.8% Mg2Niq) requi red  t o  g ive  
t h e  same opera t ing  c h a r a c t e r i s t i c s  would be 3.950 K g  (8.69 lb , 

Because of t h e  presence of t h e  t e rna ry  hydride,the hydrogen con- 
t e n t  of t h e  mixture is 7.3 w t  % r a t h e r  than 7.6 w t  % a s  it is i n  
pure MgH2. I n  c a l c u l a t i n g  t h e  volume we made no co r rec t ion  f o r  
t h e  probable increase  i n  dens i ty  r e s u l t i n g  from t h e  presence of 
Mg2NiH4 and have assumed t h e  dens i ty  of t h e  mixture is t h e  same 
as t h a t  of pure MgH2, i.e. 1.45 g/cc. 

I cell ,  s imi l a r  t o  t h e  500-watt c e l l  described above, t h e  t o t a l  

having a volume (50% void space) of about 5.4 liters (0.19 f t  5 ) . t 

A hydride r e s e r v o i r  conta in ing  MgZNiH4 o r  MgH2 could a l s o  
be used t o  g ive  a b a l l a s t  e f f e c t  i n  a reformer system a s  des- 
cribed above us ing  VH2. The h igher  hydrogen content  of these  
compounds vs vH2 is somewhat o f f s e t  by t h e  highel? decomposition 
temperature requi red  f o r  t h e  former, otherwise the  same advan- 
tages would accrue a s  those enumerated above. 

Conclusions 

I 

I 

t 

we have shown how s e v e r a l  r e v e r s i b l e  m e t a l  hydride sys- 
t e m s  may be used t o  supply hydrogen t o  seve ra l  types  of elec- 
trochemical f u e l  cells. I n  our judgment VH2 is t h e  prefer red  
ma te r i a l  f o r  such use because of i t s  convenience, f l e x i b i l i t y  
and the  ease with which it could be i n t eg ra t ed  wi th  t h e  most 
advanced f u e l  cell  type, i.e. aqueous, low temperature systems. 
However, t h e  l a rge  hydrogen content of MgH2 could be a de te r -  
mining f a c t o r  i n  c e r t a i n  circumstances where weight may be a n  
over-riding consideration. The t e rna ry  hydride Mg2NiQ is of 
i n t e r e s t  p r imar i ly  because it could be used i n  conjunction with 
high temperature Bacon cells. 

It is our contention t h a t  these compounds have -the po- 
t e n t i a l  t o  so lve  a se r ious  and long-term problem assoc ia t ed  
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with  t h e  development of a p r a c t i c a l  and economical f u e l  cel l ,  
i.e. t h e  storage and generat ion of hydrogen. I t  is  a l s o  
apparent  t h a t  they could be used i n  a number of a l t e r n a t i v e  
schemes not d i scussed  here ,  where these  p r o p e r t i e s  would con- 
s t i t u t e  an important advantage and improvement. 
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Table 1 

VH B 2 N i H 3  s2 H Gas L i q .  H2 -2 -2- 
Available Hydrogen 

w t  % 2 . 1  3 . 3  7 . 6  100 100 
-2 

Density g / m l  -5 2 . 5 7  1 . 4 5  7 . 2  7 10 

Available Hydrogen 
g / m l  of Volume 0 .105  0 . 0 8 5  0 . 1 1 0  7 . 2  x 7 x lom2 
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SEL F-HEAT I N G  OF CARBONACEOUS MATERIALS 

F. L. Shea, Jr., and H. L. Hsu 

Great Lakes Research Corporation 

El izabe th ton ,  Tennessee 

INTRODUCTION 

For q u i t e  a f e w  y e a r s ,  Great Lakes Carbon Corporation has 

produced semi-calcined petroleum coke on a commercial s c a l e ,  

This  coke is c a l c i n e d  t o  a maximum temperature of about 1600'F. 

For many years  prev ious  t o  t h i s ,  both raw petroleum coke and 

f u l l y  ca lc ined  petroleum coke were handled i n  q u a n t i t y  and 

e s s e n t i a l l y  no d i f f i c u l t y  was encountered with spontaneous 

combustion, However, experience has demonstrated t h a t  semi- 

c a l c i n e d  coke is much more l i a b l e  t o  spontaneous combustion 

and s p e c i a l  p r e c a u t i o n s  are necessary i n  handling t h i s  m a t e r i a l .  

The present  i n v e s t i g a t i o n  was undertaken i n  connection with t h i s  

phenomena. 

Because o f  t h e  importance o f  spontaneous combustion, p a r t i c -  

u l a r l y  with r e s p e c t  t o  t h e  s t o r a g e  o f  c e r t a i n  c o a l s  and l i g n i t e s ,  

q u i t e  a number of i n v e s t i g a t i o n s  have been conducted. There were 

a number of i n v e s t i g a t o r s  who worked e a r l y  i n  t h i s  century.  

t h e  e a r l i e s t  workers t o  s tudy  t h e  s e l f - h e a t i n g  of c o a l  under 

a d i a b a t i c  c o n d i t i o n s  were Davis and Byrne(l) .  

Among 

In t h e i r  i n v e s t i -  

g a t i o n  t h e  sample w a s  charged t o  a vacuum i n s u l a t e d  conta iner  

which was surrounded by an o i l  ba th  c o n t r o l l e d  t o  fo l low t h e  

temperature of t h e  sample under t e s t .  A l l  of t h e i r  i n v e s t i g a t i o n s  
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coa l .  H e  po in ted  o u t  t h e  d i f f e r e n c e  between i g n i t i o n  temperature 

l and l i a b i l i t y  t o  spontaneous combustion which a r e  o f t e n  confused. 

1 I g n i t i o n  temperature i s  the  temperature a t  which i g n i t i o n  takes  

d 

t i o n s ,  L i a b i l i t y  t o  spontaneous combustion is  a p rope r ty  possessed 

by a substance o f  hea t ing  spontaneously t o  t h e  i g n i t i o n  temperature 

whereupon combustion ensues. A low i g n i t i o n  tempera ture  is not 

t h e  primary cause of spontaneous combustion. The q u a n t i t a t i v e  

work conducted by Rosin r equ i r ed  r a t h e r  l a r g e  samples o f  coke - 
I approximately 2 4  pounds which were he ld  i n  i n s u l a t e d  con ta ine r s .  

Rosin recognized t h e  importance of moisture and o f  humidity 

c o n t r o l ,  al though it i s  not c l e a r  t o  what e x t e n t  humidity was 
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c o n t r o l l e d  i n  t h e  g a s e s  passed over  t h e  semi-coke. He concluded 

t h a t  moist, semi-coke absorbs more oxygen than  dry  semi-coke, 

and t h a t  i t  i s  more l i a b l e  t o  spontaneous combustion. Also, 

t h a t  semi-coke is  an a c t i v a t e d  carbon conta in ing  unsa tura ted  

compounds which absorb oxygen and t h a t  t h e  absorp t ion  r a i s e s  

t h e  temperature o f  t h e  semi-coke t o  a temperature  of  dangerous 

o x i d a t i o n ,  which f i n a l l y  r e s u l t s  i n  combustion. Based on t h e  

work o f  o t h e r s ,  he concluded the hea t  o f  wet t ing  is s u f f i c i e n t  

t o  r a i s e  t h e  temperature  o f  semi-coke t o  t h e  temperature  o f  

dangerous oxidat  ion.  

The use o f  D. T. A. f o r  c l a s s i f y i n g  c o a l s  on t h e  b a s i s  of 

t h e i r  s e l f - h e a t i n g  c h a r a c t e r i s t i c s  was f u l l y  i n v e s t i g a t e d  by 

Banerjee and C h a k r a ~ o r t y ( ~ 1 .  

The present  paper  is concerned with the  measurement of  the  

s e l f - h e a t i n g  r a t e s  o f  carbonaceous m a t e r i a l s  when exposed t o  a 

stream o f  n i t r o g e n ,  oxygen o r  CO2 w i t h  c o n t r o l l e d  humidity. 

EXPERIMENTAL WORK 

Descript ion o f  Apparatus 

In  designing t h e  equipment t h e  o b j e c t i v e  was t o  provide 

simple appara tus  s u f f i c i e n t l y  w e l l  i n s u l a t e d  so t h a t  t h e  r a t h e r  

small  hea t  o f  a b s o r p t i o n  o r  r e a c t i o n  could be followed by t h e  

r i se  i n  temperature  o f  t h e  carbonaceous m a t e r i a l  under t es t .  

I t  was d e s i r e d  t o  accomplish t h i s  without  t h e  n e c e s s i t y  o f  having 

the ambient temperature  c l o s e l y  fol low t h e  temperature  r ise  of 

t h e  sample, and without  t h e  n e c e s s i t y  o f  us ing  a very l a r g e  sample. 
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A ske tch  o f  t h e  appara tus  is shown i n  Figure 1. I t  c o n s i s t s  

o f  a one-quart ,  wide mouth Dewar f l a s k  i n  an oven which may be 

held a t  cons t an t  tempera ture .  

carbon d iox ide ,  were suppl ied  from tanks a n d  t h e  flow measured 

The gases ,  n i t r o g e n ,  oxygen o r  

with a ro tameter  a t  room temperature,  

a f l a s k  f i l l e d  with water,  f i t t e d  with an e lectr ic  h e a t e r  i n  

which t h e  gas  was d i spe r sed  by means of a f r i t t e d  d i s c  and 

allowed t o  rise through t h e  water so as t o  s a t u r a t e  it. 

The gas  then  flowed t o  

Heat i npu t  was au tomat i ca l ly  c o n t r o l l e d  by t h e  water 

temperature.  The water s a t u r a t e d  gas then  flowed through a 

c o i l  conta ined  wi th in  t h e  temperature c o n t r o l l e d  oven j u s t  

ahead o f  t h e  Dewar f l a s k .  The tempera ture  o f  t h e  gas  was 

measured j u s t  p r i o r  t o  i t s  en t r ance  i n t o  t h e  Dewar f l a s k ,  

using a thermocouple. A thermocouple was a l s o  mounted 

approximately one inch from the bottom o f  t h e  sample conta ined  

i n  the Dewar f l a s k .  The s t e e l  t ube  which supp l i ed  t h e  gas  

stream t o  t h e  Dewar f l a s k  was f i t t e d  wi th  a p e r f o r a t e d  p l a t fo rm 

a t  i t s  base which c l o s e l y  f i t t e d  t h e  i n s i d e  d iameter  of t h e  

Dewar f l a s k .  The sample was p laced  on t h e  p l a t fo rm which 

provided d i s t r i b u t i o n  o f  t h e  gas. 

In  e a r l y  tests some d i f f i c u l t y  was encounfered i n  ob ta in -  

i ng  s a t i s f a c t o r y  Dewar f l a s k s  due t o  i n s u f f i c i e n t  i n s u l a t i o n .  

P r i o r  t o  p lac ing  a D e w a r  f l a s k  i n  use,  i t s  behavior  w a s  checked 

using a s tandard  sample. I t  was found t h a t  heavy wal led  Pyrex 

Dewars were b e s t . f o r  t h i s  p a r t i c u l a r  a p p l i c a t i o n ,  as they  

provided maximum i n s u l a t i o n .  

The s i l v e r e d  Dewars used were 70 mm. I. D., 90 mm 0. D., 

250 mm. deep and conta ined  no s e p a r a t i o n  pads a t  t h e  base. 

evacuat ion  was approximately 1x10'7 mm. of mercury. 

The  
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Sample Prepara t ion  

The a s - r ece ived  semi-calcined petroleum coke was c a r e f u l l y  

crushed t o  produce a maximum of -3 on 1 4  mesh p a r t i c l e s .  

o r d e r  t o  s t anda rd ize  test cond i t ions ,  t h e  ma jo r i ty  o f  t h e  t e s t s  

were made using coke samples which were a i r - d r i e d  a t  220°F. 

Vacuum drying and drying i n  an i n e r t  atmosphere were i n v e s t i g a t e d .  

The temperature r i s e  and the shape of t h e  temperature versus  time 

curve were wi th in  t h e  l i m i t  of r e p r o d u c i b i l i t y  of t h e  t e s t  regard-  

l e s s  of t h e  method of drying. 

The -3 on 1 4  mesh s ize  f r a c t i o n  was a l s o  used f o r  a l l  o t h e r  

In  

raw m a t e r i a l s  t e s t e d .  I 

Test Procedure 

Due t o  t h e  extremely low r a t e  of hea t  t r a n s f e r  between the 
I oven and the  sample conta ined  i n  t h e  Dewar, i t  w a s  necessary  

t o  charge t h e  sample a t  approximately 150°F. Dried samples a t  

220'F were allowed t o  cool  t o  approximately 150°F and then 

charged t o  t h e  Dewar. A 600 g. sample was used. The tempera- 

t u r e  of t h e  sample was then a d j u s t e d  t o  150°F by pass ing  dry 

n i t rogen  g a s  through t o  e i t h e r  cool  o r  hea t  t h e  sample. 

I 
I 
I 
I 

I To 

I make c e r t a i n  t h e  system was i n  equ i l ib r ium,  it was he ld  f o r  

a t  l e a s t  t e n  minutes a t  150°F p r i o r  t o  s t a r t i n g  a run. The 

d e s i r e d  gas was then  passed through the sample a t  a c o n t r o l l e d  

flow r a t e ,  u s u a l l y  0.5 cu.f t . /hr .  and was s a t u r a t e d  with water 

a t  150°F, i f  des i r ed .  The furnace tempera ture ,  i n l e t  gas 

temperature ,  and temperature of t h e  sample a t  a p o i n t  one inch , 
I 

above t h e  bottom of t h e  sample were recorded,  versus  t i m e .  
I 
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RESULTS AND DISCUSSION 

\ -  

In  Figure 2 i s  shown a graph f o r  a number of  runs conducted 

on a sample of  semi-ca lc ined  petroleum coke. A l l  runs  were made 

wi th  r e p r e s e n t a t i v e  p o r t i o n s  of t he  same sample of  coke. Curves 

1, 2 and 3 were runs i n  t r i p l i c a t e  made wi th  oxygen, Curve 4 was 

a run made wi th  n i t r o g e n  and Curves 5 and 6 dup l i ca t e  runs made 

wi th  C o t .  In  a l l  runs  the  gases  were a t  150'F and s a t u r a t e d  

wi th  water vapor. The agreement between dup l i ca t e  runs i s  q u i t e  

good and demonstrates t h e  r e p r o d u c i b i l i t y  o f  t h e  t e s t  procedure,  

We may a t t r i b u t e  t h e  d i f f e rence  between t h e  temperature  versus  

time r e l a t i o n s h i p  of  Curves 1, 2 and 3 versus  the  curves  f o r  

t h e  runs with n i t r o g e n  and CO2 t o  t h e  presence of oxygen versus  

n i t r o g e n  o r  C 0 2 .  There is a d e f i n i t e  i nc rease  i n  the  maximum 

temperature  obta ined  o f  about 12OF when oxygen i s  used r a t h e r  

than  the  more i n e r t  gases .  The shape of  t h e  curves a f t e r  t h e  

peak temperature  has  occurred  is of  i n t e r e s t .  With oxygen 

t h e r e  is  a tendency f o r  t h e  temperature  t o  be sus t a ined  f o r  

a longer  per iod of  time i n d i c a t i n g  t h a t  t h e  oxygen cont inues  

t o  be absorbed o r  t o  r e a c t ,  l i b e r a t i n g  h e a t ,  while with n i t rogen  

o r  C O 2 ,  a f t e r  t h e  peak i s  reached,  t h e r e  i s  a much sha rpe r  

decrease  i n  temperature  wi th  r e spec t  t o  time. These d a t a  

i n d i c a t e  t h a t  t h e  tempera ture  rise due t o  absorp t ion  o f  water  

vapor is about 33'F, while t h a t  due t o  02 i s  about 12OF. 

Curve 7 i s  f o r  a run us ing  d ry  oxygen a t  ISOOF. The maximum 

temperature  a t t a i n e d  was w e l l  below that  o f  any o f  t h e  curves  

made wi th  s a t u r a t e d  gases  and i n d i c a t e s  t h a t  t h e r e  is l i t t l e  

o r  no r e a c t i o n  o r  abso rp t ion  of  oxygen in t h e  absence of moisture.  
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The importance o f  t h e  r o l e  o f  water  i n  t h e  s e l f - h e a t i n g  

of carbonaceous m a t e r i a l s  is  shown more s t r i k i n g l y  i n  Figure 

3 i n  which t h e  sample was d r y  raw l i g n i t e .  A l l  runs were 

made with the g a s  s t r eam a t  150°F. Curve 1 was made with 

oxygen s a t u r a t e d  w i t h  water vapor,  Curve 2 and 3 with n i t r o g e n  

s a t u r a t e d  with water  vapor and Curve 4 with dry oxygen. 

d ry  oxygen t h e  maximum temperature r i s e  was 18'F, with s a t u r a t e d  

n i t r o g e n  48°F and wi th  s a t u r a t e d  oxygen the  sample i g n i t e d  

spontaneously i n  l e s s  t han  5 hours. 

With 

A l l  runs of Figure 4 were conducted using r e p r e s e n t a t i v e  

p o r t i o n s  of a sample of semi-calcined petroleum coke, I n  runs  

1, 2 and 3,  t h e  g a s  was oxygen s a t u r a t e d  with water vapor a t  

150°F; i n  run 4 ,  it was n i t r o g e n  s a t u r a t e d  with water vapor. 

The combination o f  d r y  coke exposed t o  s a t u r a t e d  oxygen gave 

a temperature r ise  of about 4S°F i n  5 hours ,  and a s  expected, 

moisture  a d d i t i o n  t o  t h e  coke lowered t h e  temperature r i s e  

i n  an atmosphere of s a t u r a t e d  oxygen. 

s a t u r a t e d  n i t r o g e n  and coke con ta in ing  4.5% water,  t h e r e  was 

no measurable temperature  rise. 

I n  run 4 made with 

From the  runs of Figure 2 t h e  c o n t r i b u t i o n  of 02 and water 

vapor t o  t h e  temperature  r ise  of semi-calcined petroleum coke 

was e s t ima ted  based on t h e  d i f f e r e n c e  between the  t o t a l  r ise 

wi th  s a t u r a t e d  02 and t h a t  w i t h  s a t u r a t e d  N2 using dry  coke. 

Th i s  amounted t o  12°F. 

4 ,  t h e  coke was s a t u r a t e d  wi th  water and t h e  temperature rise 

due t o  02 measured d i r e c t l y .  

I n  t h e  experiments presented i n  Figure 

Th i s  amounted t o  about 14OF, 
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while the r i s e  due t o  water vapor by d i f f e r e n c e  amounted t o  

31°F. These are in  good agreement wi th  the  estimates from 

Figure 2. 

In F i g u r e  5 a r e  shown temperature versus  time curves f o r  

a v a r i e t y  of carbonaceous m a t e r i a l s  sub jec t ed  t o  a s t ream of 

oxygen a t  150°F s a t u r a t e d  wi th  water vapor. 

of t h e  curves it i s  apparent  t h a t  l i g n i t e ,  which can be s t o r e d  

w i t h  s a f e t y  only under water ,  shows t h e  g r e a t e s t  tendency f o r  

From an examination 

s e l f - h e a t i n g  i n  the  tes t  appara tus  and a c t u a l l y  i g n i t e s  

spontaneously i n  l e s s  than f i v e  hours.  The nex t  most a c t i v e  

m a t e r i a l  is semi-ca lc ined  petroleum coke, which shows a maximum 

temperature r ise of about 4S°F i n  f i v e  hours. 

enough t h i s  m a t e r i a l  e x h i b i t s  a g r e a t e r  temperature r i s e  than 

a commercial grade of a c t i v a t e d  carbon which shows a temperature 

S u r p r i s i n g l y  

r i s e  of about 33'F. Below t h i s  i n  decreas ing  o r d e r  of tempera- 

t u r e  r i s e  a re :  a medium v o l a t i l e  (27%) bituminous c o a l ,  a low 

v o l a t i l e  (17%) c o a l ,  raw petroleum coke with a v o l a t i l e  ma t t e r  

content  of 12%,  and f i n a l l y  ca l c ined  petroleum coke which 

e x h i b i t s  no temperature r i s e  under t h e s e  condi t ions.  The 

results of Figure 5 a r e  i n  good agreement wi th  t h e  known 

behavior of t h e  va r ious  carbonaceous materials upon s t o r a g e  

i n  t h e  f i e l d ( 5 ) .  

The behavior of t h e  a c t i v a t e d  carbon is  of course an 

exception. 

r ise i n  t h i s  t es t ,  it is  not  s u b j e c t  t o  spontaneous combustion; 

This  i s  due t o  the  f a c t  t h a t  i t  i s  wel l  d e v o l a t i l i z e d  and does 

not contain an apprec iab le  amount of hydrocarbons which a r e  

Although it e x h i b i t s  a . r a t h e r  high temperature 
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a v a i l a b l e  f o r  combination wi th  oxygen a t  temperatures i n  the  

range from about 300°F t o  i t s  i g n i t i o n  po in t .  Thus, i t  is 

be l ieved  t h a t  when t h i s  tes t  wi th  oxygen a t  150°F s a t u r a t e d  

with water vapor is app l i ed  t o  m a t e r i a l s  which a r e  capable  

of combining wi th  oxygen i n  t h e  temperature r a n g e  o f  300°F 

t o  t h e i r  i g n i t i o n  tempera ture ,  it provides  a good measure 

o f  t h e  l i a b i l i t y  of t h e  m a t e r i a l  t o  spontaneous i g n i t i o n .  

SUMMARY AND CONCLUSIONS 

A simple procedure f o r  t he  de te rmina t ion  of the  s e l f -  

hea t ing  r a t e s  of va r ious  carbonaceous m a t e r i a l s  has been 

developed. For t h o s e  m a t e r i a l s  which con ta in  s u f f i c i e n t  

hydrocarbons t o  combine wi th  oxygen a t  300°F and thus i g n i t e  

a t  r e l a t i v e l y  low tempera tures ,  t h e  maximum temperature rise 

determined i n  t h i s  test  c o r r e l a t e s  with t h e  l i a b i l i t y  t o  

spontaneous i g n i t i o n  i n  t h e  f i e l d .  I n  a completely d ry  

system t h e r e  is no s e r i o u s  s e l f - h e a t i n g  evident  f o r  any 

of the  m a t e r i a l s  t e s t e d ,  even i n  pure oxygen. The abso rp t ion  

o f  water vapor by t h e  dry carbonaceous ma te r i a l  p rovides  t h e  

major hea t ing  e f f e c t  i n  t h e  temperature range from 150°F t o  

about 190°F. This  temperature r i s e  w i l l  occur even though 

t h e  moisture be c a r r i e d  by an i n e r t  gas such as n i t rogen  or 

COz.  

t h a t  i f  oxygen is used, a h ighe r  temperature r ise o f  approximately 

1 4 O F  occurs  due to abso rp t ion  o r  r e a c t i o n  o f  t he  oxygen i n  t h e  

presence of moisture.  

With semi-ca lc ined  petroleum coke it has been demonstrated 



- 36 - 

The importance of  moisture  is b e s t  i l l u s t r a t e d  by t h e  

behavior of raw l i g n i t e  which i n  dry oxygen a t  150°F shows 

a temperature  r ise  of on ly  lS°F i n  about 5 hours.  However, 

i f  t h e  oxygen i s  s a t u r a t e d  w i t h  water  vapor a t  150°F, t h e  

r a t e  o f  temperature  r i s e  i s  of  t h e  o r d e r  o f  t e n f o l d  g r e a t e r ,  

and t h e  l i g n i t e  i g n i t e s  i n  l e s s  than 5 hours.  Of a l l  o f  t h e  

carbonaceous m a t e r i a l s  i n v e s t i g a t e d ,  raw l i g n i t e  shows t h e  

g r e a t e s t  temperature r i se  i n  oxygen s a t u r a t e d  with water  

vapor a t  150'F. The n e x t  most r e a c t i v e  m a t e r i a l  was semi- 

c a l c i n e d  petroleum coke which i s  more a c t i v e  than a n y  o f  

t h e  bituminous c o a l s  t e s t e d ,  and i n  agreement with f i e l d  

exper ience  with t h i s  m a t e r i a l  where cons iderable  d i f f i c u l t y  

i s  encountered with spontaneous i g n i t i o n  unless  g r e a t  c a r e  

i s  exerc ised  t o  i n s u r e  proper  cool ing  p r i o r  t o  s t o r a g e  and 

t o  exclude t h e  access  o f  a i r  i n s o f a r  a s  p o s s i b l e .  
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PRODUCTION AND C H A R A C T ~ I Z A T I O N  OF 
C W O N  DEXIVD FROM COiWCUNDS OF IIWENE (U) 

Id. E. Smith 
W. L. Harper 

Union Carbide Corporation - Nuclear Divisicn, Oak Ridge, Tennessee 

The advances i n  s t ruc tu ra l  design associated with reac tor ,  aerospace, and re la ted  
technologies increase, i n  t u r n ,  demands f o r  spec ia l i ty  forms of s t ruc tu ra l  materials. 
One material  that i s  finding spec ia l  and s t r a t eg ic  application i n  these areas i s  
carbon. Increased use of carbon f o r  other, more domestic applications i s  projected 
fo r  the  fu ture .  In t e re s t  i n  carbon as a fabr ica t ion  material i s  prompted by the  
following: 
( 3 )  constancy of proper t ies  with t i m e ,  (4)  the diverse properties which carbon can 
exhib i t  and the  va r i e ty  of product-type i n t o  which it can be made. 

Since the  properties exhibited by carbon can s igni f icant ly  vary, use of t h i s  material 
necessitates control of these  properties.  Our e f f o r t s  involve two aspects of control: 
(1) reproducibil i ty,  with emphasis on use of synthetic r a w  materials as carbon pre- 
cursors,  (2) manipulative control,  which would allow one t o  make carbon with specific 
and preselected properties by the appropriate choice of precursor and processing 
conditions. It i s  known t h a t  chemical, mechanical, e l ec t r i ca l ,  and thermal properties 
of carbon, or parts fabr ica ted  from carbon, a re  g rea t ly  influenced by the carbon 
type; as i s  well known, carbon i s  generally c l a s s i f i ed  i n  terms of amorphous, gra- 
ph i t i c ,  and diamond s t ruc tures .  Properties associated with any given c lass i f ica t ion  
suggest a range of values. More spec i f ica l ly ,  properties of a graphi t ic  carbon 
a r e  a function of the  degree of graphitization and ce r t a in  other microstructural 
properties.  

(1) high temperature hea t  resistance,  (2) res i s tance  t o  chemical attack, 

Have you considered the f ac to r s  which contributed t o  the  diverse properties exhibited 
by our natural deposits of carbon and carbonaceous products? Generalization w i l l  
allow u s  t o  narrow the e f f e c t s  t o  two fac tdrs :  (1) the nature of the organic matter 
from which the  carbon w a s  derived, (2) the conditions (pressure, temperature, time, 
e t c . )  under which the  organic matter was converted t o  carbon. In our evaluation of 
carbon precursor materials, we have considered the  same two fac tors .  More specifi-  
ca l ly ,  we have attempted t o  co r re l a t e  carbon proper t ies  with (1) the properties of 
the  precursor material, with emphasis on e f f e c t s  a t t r i bu ted  t o  molecular composition 
and s t ruc ture ,  and (2) the processing conditions employed i n  converting the  organic 
mater ia l  i n t o  carbon, including the  e f f ec t  of temperatures up t o  3000° C. 

Some understanding of t he  re la t ionships  ex is t ing  between carbon properties and 
precursor properties have evolved over the years. I n  general, organic materials which 
are or becme infus ib le  p r i o r  t o  pyrolysis do not tend t o  produce graphitic carbon. 
This type of material is characterized by thermosetting r e s ins  o r  highly crosslinked 
polymers. 
t o  rearrange o r  r eo r i en t  p r i o r  t o  pyrolysis,  and such mobili ty necessitates an 
intermediate f l u i d  or p l a s t i c  state. Research e f f o r t s  involving l i q u i d  c rys t a l  
and mesophase studies represent  attempts t o  cor re la te  degree of or ien ta t ion  pr ior  
t o  pyrolysis with graphi t ic  proper t ies  of derived carbon. 
of polynuclear aromatic molecules w i l l  be a s igni f icant  fac tor  i n  determining the  
degree of graphitization of derived carbon. 
r e t a i n  a nonplanar s t ruc tu re  do not tend t o  grzphitize.  This seems reasonable i n  
l i g h t  of the  planar, polynuclear s t ruc ture  that characterizes graphite. 
t o  the inherent organic s t ruc tu re  of the  precursor materials,  t he  presence of 

Thus, c r y s t a l l i n i t y  seems t o  be dependent upon the a b i l i t y  of molecules 

Likewise, t h e  planarity 

Molecules or molecular fragments t h a t  

In addition 
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impurities such a s  sulfur and metall ic compounds influence the graphitic properties 
of derived carbon. 

Thus, precursor materials derived fra natura l  sources w i l l  not be adequate f o r  
cer ta in  specialized applications since (1) they represent a complex mixture of 
organic s t ruc tures  whose composition var ies  with sources and refining methods, 
and (2) they frequently contain inorganic contaminants which vary i n  quantity and 
type w i t h  location of source. 

This e f f o r t  i n  the  area of synthetic carbon precvrsors has included synthesis, poly- 
merization, and carbcnization studies.  
synthesis and evaluation of carbon precursor materials derived from indene (C&. 

Much of the e f f o r t  has been directed toward 

indene 

Included i n  the ser ies  were various indene derivatives incorporating the benzofulvene 
s t ruc tures  sham below. 

Cmpound 

I H H benz ofulvene 
11 C & J  cH3 dime thylbenz of ulvene 

Iv c S H 5  m e t h y l p h e n y l b e n z o f n e  
V c&3 C S k  . c& diphenylbenzofulvene 

V I  H C6H5- C W H -  cinnamylideneindene 

III H c6& benz ylideneindene 

These cmpounds were synthesized by condensation reactions of indene w i t h  carbonyl 
compounds with the carbonyl component becoming E i n t eg ra l  par t  of t he  benzofulvene 
structure.  

A d d i t i o d  compounds t h a t  were derived from indene included a - t m e n e  (truxene) and 
p-truxene ( i s o t m e n e )  , both of which a re  t r imer ic  derivatives of indene. As sham 
by the s t ruc tures  below, the  l a t t e r  cmpounds a re  s t r u c t u r a l  isomers. 
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Irotruxene. Truxene 

The preparative procedures involve reactions of inaene and carbonyl compounds i n  
the  presence of amine ca t a lys t s .  Heretofore, only isomeric mixtures of these two 
compounds could be obtained by synthetic procedures involving autoclave conditions. 
However, procedures used i n  t h i s  study w i l l  a l lm production of e i the r  isomer under 
r e f lux  conditions, and at  the exclusion of t he  other. The spec i f ic  isomer obtained 
w i l l  be a function o f  t he  carbonyl compound used i n  the formulation. 

To lend emphasis t o  the  cor re la t ions  previously suggested between carbon properties, 
precursor properties, and processing conditions, truxene and isotruxene sha l l  be 
discussed i n  de t a i l .  The influence of th ree  f ac to r s  on g raph i t i zab i l i t y  of carbons 
s h a l l  be considered. These are the  e f r e c t  of (1) molecular s t ruc ture ,  (2) metallic 
impurities, and ( 3 )  polymerization conditions. 

I n i t i a l l y ,  s t ruc tu ra l  e f f e c t s  w i l l  be considered. Though isomeric i n  s t ruc ture ,  
truxene y ie lds  a nongraphitic carbon while carbon derived from isotruxene tends to 
be grzphitic.  Two fac to r s  could contribute t o  the disoriented s t ruc ture  of truxene- 
derived carbon: 
apparently disrupted p r i o r  t o  pyrolysis and nonplanar intermediates a re  formed; 
(2) the  f l u i d  proper t ies  before and during pyrolysis were not conducive t o  orienta- 
t ion .  A s  observed f o r  other nongraphitizing materials, gases evolved during 
pyrolysis were entrapped, r e su l t i ng  i n  a ce l lu l a r  or foam-like carbon. 
tend t o  be f r ee ly  evolved during pyrolysis of graphitizing materials, as was 
observed for  i so t rwene .  These observations are indica t ive  of t he  f l u i d  properties 
ex i s t ing  during periods i n  which chemical change and s t ruc tu ra l  realignments w i l l  
be grea tes t .  Lack of molecular mobili ty during these periods would tend t o  inh ib i t  
orientation. Attempts t o  cont ro l  graphitic proper t ies  of carbons b y  blending 
graphitizing and nongraphitizing materials were considered. 
necessity form homogeneous solutions and must y ie ld  a homogeneous carbon. 
mixtures of isotruxene and,truxene produce homogeneous carbons with properties t ha t  
are dependent on composition. 
from isotruxene and truxene-isotruxene mixtures are shown as a lZlnction of tempera- 
ture i n  Table 1. 

(1) the  planar s t ruc ture  t h a t  characterizes truxene molecules i s  

Such gases 

The materials must of 
For example, 

Data obtained by X-ray analysis of carbons derived 
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, 
I 

In summary efforts to closely control properties of synthetic carbons must include 
close control on raw material properties and impurities, and conditions under which 
organic precursor materials are converted to carbon. 

Table 1 
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QTwxene Carbonized wi th  

ATruxene Carbonized with- 

Prior Air Cure 

1,600 2,200 2800 
Temperature (OC) 

. Firing 
Carbon 

Figure 1. Correlation of Interlayer Spacing With 
!&mwrature f cr Truxene-Derived 
Conkning Titanium Carbide. 


